Background: Tak Province, at the Thai-Myanmar border, is one of three high malaria incidence areas in Thailand. This study aimed to describe and identify possible factors driving the spatiotemporal trends of disease incidence from 2012 to 2015.
heterogeneity in spatial distribution of disease incidence, which exemplifies the "border malaria" type [3] , characterized by high transmission along international borders [3] [4] [5] .
Thailand has made significant progress towards its goal of eliminating malaria by 2024 [2] . Between 2012 and 2017, Thailand reduced its malaria cases by 67%, with an accelerated decrease of 39% during the period 2016 to 2017 [6] with scale-up of malaria elimination interventions. According to the 2018 World Malaria Report, the country had 11,440 reported confirmed cases in health facilities (which include 1075 cases at community level and 3023 cases from the private sector) and 11 reported deaths due to malaria in 2017. With evidence of emerging artemisinin drug resistance in Plasmodium falciparum malaria in the ThailandMyanmar and Thailand-Cambodia-Lao PDR border areas [7] [8] [9] [10] [11] [12] , including insecticide resistance [13] , adding complexity to the elimination agenda in Thailand, it is increasingly important to understand the local epidemiology of malaria to guide targeted elimination efforts. Strengthening malaria surveillance has been highlighted by the World Health Organization as a core intervention to accelerate progress towards elimination [14, 15] .
Tak Province, at the Thai-Myanmar border, is one of three high incidence areas in Thailand. It has historically recorded one of the highest incidences of malaria cases across the country [16] . The province reported the highest number of malaria cases nationwide in 2012 and 2013 [17] , and ranked second only to Ubon Ratchathani Province the following 2 years [18] . In 2015, Tak accounted for 21% of total reported cases in Thailand [19] . Plasmodium vivax is the predominant species, reflective of the national situation [1] . The availability of detailed climate and forest cover data presents an opportunity to better understand the epidemiology of malaria in the area.
This study analysed routine malaria surveillance data from 2012 to 2015 to describe and identify possible factors driving the spatiotemporal trends of disease incidence.
Methods

Study setting
The study location was Tak Province in western Thailand. It is subdivided into nine administrative districts ( Fig. 1) , 60 sub-districts [20] , and 493 villages, with a total population of 526,381 as of the 2010 national census [21] . The climate in Tak is characterized as tropical with rainy season from May to October [22] . The province has a total land area of 16 
Malaria diagnosis
In this area, malaria is diagnosed mostly through passive case detection by light microscopy by trained microscopists at malaria posts, health promoting hospitals and district hospitals. This is supplemented by active case detection (specifically by reactive case detection) [23] . Rapid diagnostic test (RDT) (SD BIOLINE Malaria Ag Pf/Pv ® ) are also used. There is also a system of village volunteer health workers who facilitate access to malaria diagnosis and treatment. Data on reported malaria cases is thought to be of high completeness and quality [24] .
Data collection
Information about numbers of confirmed malaria cases at sub-district level, between 1 January 2012 and 31 December 2015 were extracted from the consolidated malaria database of the Department of Disease Control, Ministry of Public Health (MOPH). This included individual data gathered from both the Bureau of vector-borne diseases (BVBD) and Bureau of epidemiology (BOE) national malaria surveillance systems. These two databases have been combined since 2012 with removal of duplicate cases from these two sources through a collaborative project supported by the Global Fund [19, 24, 25] . A confirmed case was any person with a positive malaria blood smear or RDT result reported by government health workers [2] . Data included age, sex, and nationality (nationals of Thailand = "Thai", nationals of Myanmar = "Myanmar", nationals of Lao PDR = "Lao" and "Other"), as well as address to sub-district level, date of diagnosis and parasite species.
Aside from malaria incidence data, other information used in this study was (i) annual population estimates from the Ministry of Interior (http://www.moi.go.th), (ii) administrative boundary layers for Thailand from the Ministry of Interior (http://www.moi.go.th), with the most recent available version being from 2015; (iii) weather station data, collected as daily measurements of rainfall (in millimetres), temperature (in degrees Celsius, °C) and relative humidity (in percentage), from the Thai Meteorological Department (https ://www.tmd. go.th); (iv) forest cover layers from combining publicly available rasters characterizing global forest extent and change from 2000 through 2016 derived from Landsat data (http://earth engin epart ners.appsp ot.com/scien ce-2013-globa l-fores t) [26] . These environmental variables were chosen as they are what was available from the climate monitoring stations in Thailand and previous studies had found correlation between each of them and malaria [27] [28] [29] . Forest cover was used as much of the malaria transmission in Thailand and the broader Greater Mekong Subregion is known to be in forest and forest fringe areas [30] . Spatial data management and processing were done in ArcCatalog 10.3.1 (Esri, Redlands, California, USA) and Excel 2013 (Microsoft, Redmond, Washington, USA).
Data analysis
Spatial and temporal trends in malaria incidence were examined at sub-district level. Thematic maps were produced using ArcMap 10.3.1 (Esri, Redlands, California, USA). Mixed infections were added to numbers of both P. falciparum-only and P. vivax-only cases prior to mapping of numbers of confirmed cases and annual parasite incidence (API) by species. API was calculated as the number of confirmed cases per 1000 total population as estimates of population at risk in each sub-district were not available. Plasmodium falciparum-to-P. vivax ratio was the number of confirmed P. falciparum divided by the number of confirmed P. vivax monoinfections. Hotspot maps [31] of API were produced using the Hot Spot Analysis (Getis-Ord Gi*) tool in ArcMap. Spatial relationships among features (i.e. sub-district boundaries) were defined by fixed distance band, and calculated with Euclidean (straight-line) distance. Correlations between malaria Fig. 1 Reference map. Place names are provided for the nine districts (amphoe) subdividing the province incidence rate, climate measurements and percent forest cover were examined using Pearson's r in GraphPad Prism version 7.04 for Windows (GraphPad Software, La Jolla, California, USA). Age-sex distributions of malaria cases were plotted using R version 3.4.4 (The R Foundation for Statistical Computing, Vienna, Austria). Time series analysis of monthly malaria cases was done using stl() function ("seasonal and trend decomposition using LOESS) [32] , also in R.
Forest cover was calculated by combining annual rasters of forest change and baseline forest cover in 2012 to derive annual forest cover layers at 30 m resolution. These were then combined with sub-district boundary files to calculate percentage forest cover by sub-district. Change in forest cover from 2012 to 2015 was calculated directly from the annual rasters. This was correlated with change in API using Pearson's correlation on the logged values. Daily climate data from the five climate stations in Tak Province were averaged and then summarized by month as mean, median, maximum and minimum values. These were then correlated with monthly API at province level using Pearson's correlation.
Ethical considerations
Permission to access consolidated and de-identified malaria surveillance data was provided by the MOPH. The protocol for this study was reviewed and approved by the Faculty of Tropical Medicine Ethics Committee (FTM-EC), Mahidol University.
Results
Total cases
From 2012 to 2015, there were 36,536 confirmed malaria cases in Tak Province ( Fig. 2 and Table 1 ). In each surveillance year, the majority of cases were infected with P. vivax. On average, these two species combined comprised at least 97% of total cases annually with only 878 cases reported as unknown species (an overall percentage of 2.40% over the four years).
The general population of Tak Province represented almost 1% of the national total during the study period. Total API in Tak has steadily declined from 2012 to 2015 by 73.93%, with a marked decrease of at least 50% from 2013 to 2014 and again from 2014 to 2015. Similar downward trends were seen for P. falciparum and P. vivax infections. Plasmodium falciparum-to-P. vivax ratio decreased from 0.64 in 2012 to 0.44 in 2015. A summary of annual API by species and P. falciparum-to-P. vivax ratio is shown in Table 2 .
Exploration of seasonal trend
The time series decomposition of malaria cases in Tak Province shows a seasonal pattern and a declining trend from January 2012 to December 2015 ( Fig. 3) with the same pattern being seen for each of P. falciparum (Additional file 1: Fig. S1 ) and P. vivax (Additional file 1: Fig.  S2 ). The peak number of total cases occurred in the month of June, a seasonal trend similarly seen in both major malaria species (Fig. 4) . P. falciparum-to-P. vivax ratio by month is shown in Fig. 5 .
Patient demographics
Demographic characteristics of people with malaria for the province are summarized by year in Table 3 . Most cases were male (n = 22,926, 62.75%), ≥ 15 years (56.07%), and Myanmar (56.64%) or Thai (39.25%) nationality. Only 86.12% (n = 31,464) of total cases had their age recorded [all from BVBD, with four outliers (age > 150)].
The age-sex distributions of malaria cases are presented as annual population pyramids in Fig. 6 . These are compared to the provincial population age-sex structure as of the 2010 national census. Across all years and species, there were more males than females with malaria in Tak Province (62.75% males vs 37.25% females) whereas in the general population the proportion of each sex was roughly equal (49.53% males vs 50.47% females). Additionally, 47.41% of cases belonged to the "5-19" age groups in both sexes, whereas in the census, this group comprised only 26.24%, therefore they were overrepresented in the malaria group. There were no major differences in age-sex distribution between the years or between those with P. falciparum and P. vivax.
Spatial distribution
There was a decrease in total API in 49 sub-districts and an increase in one from 2012 to 2015. For P. falciparum, API decreased in 45 sub-districts. For P. vivax, API decreased in 46 sub-districts and an increase in one (Additional file 1: Fig. S3 for confirmed cases). For each measure, the remaining sub-districts (out of the possible 60) were considered malaria-free when there had been no malaria cases in both 2012 and 2015, and therefore no change in API. Sub-districts with the highest API were in the Tha Song Yang and Umphang Districts along the Thai-Myanmar border (Fig. 7) . Annual hot spots were mostly in the extreme north and south of the province (Fig. 8) (Table 4 ). Figure 9 shows numbers of malaria cases by nationality for Myanmar and Thai (Additional file 1: Fig. S4 for P. falciparum plus mixed, Additional file 1: Fig. S5 for P. vivax plus mixed). The spatial distribution was similar for both nationalities with a significant correlation in all four years (Fig. 10) . When mapped as proportion of cases by nationality, non-Thai cases (93% Myanmar nationals) were more common in the centre of the province in subdistricts nearer to the Myanmar border (Fig. 11) . While many non-Thai cases are seen along the international border with Myanmar, most of them were recorded consistently in specific sub-districts, namely Tha Song Yang (of the same district name), Mae Chan and Mokro (Umphang District) (Fig. 9) .
Forest cover
Satellite images of global forest change available online allowed the derivation of sub-district forest cover expressed as percentage coverage. This was correlated with API. For the whole province, the total percentage forest cover decreased by 1.35%, from 63.42% in 2012 to (Fig. 12 ). At subdistrict level, percentage forest cover had a low positive correlation with P. falciparum, P. vivax, and total cases, within most years (Additional file 1: Fig. S6 ).
Climate
Results of correlation of monthly cases per 1000 population and climate variables are shown in Table 5 . There were five climate stations in Tak Province. Median temperature (1-and 2-month lags), average temperature (1-and 2-month lags) and average relative humidity (2-and 3-month lags) correlated positively with monthly total, P. falciparum and P. vivax API. Total rainfall in the same month correlated with API for total cases and P. vivax, but not P. falciparum. There was no consistent trend in climate variables for each of the five climate stations and no significant correlation between change in climate variables and change in malaria from 2012 to 2015.
Discussion
From 2012 to 2015, Tak Province has experienced a substantial and consistent decline of both P. falciparum and P. vivax malaria with a decline in P. falciparum-to-P. vivax ratio over the same period. Around three quarters of the cases and areas with highest risk (indicated by API) were consistently in clusters of a few sub-districts in two out of the nine districts (Tha Song Yang and Umphang) at the northern and southern extremities of the province by the Thai-Myanmar border. There was some correlation with the percent decrease in forest cover and decline in API at sub-district level. This geographical pattern was similar for both species. Although climate correlated reasonably well with API, there was no clear change in seasonal climate pattern over the period of the study. This suggests that change in climate was not responsible for the decrease in malaria. The relationship between trends in climate and malaria is not straightforward in that there is an optimal ecological niche of climate within which mosquito breeding and malaria transmission are more efficient [33] . In Thailand, there are seven Anopheles species known to transmit malaria, which have different environmental optima and geographic distributions and it is not clearly known to what degree they contribute to transmission in Tak Province [34] . Because the correlation was weak, the change in forest cover is unlikely to have been the main driver overall for the reduction in malaria. It is possible that small changes in forest cover may have a greater contribution in small foci where forest transmission is occurring but it was not possible to study this, as suitable detailed data was not available. More likely, it is a result of the Thai MOPH's ongoing elimination efforts in the area with high coverage of long-lasting insecticidal nets, good access to diagnosis and treatment via malaria posts and health promoting hospitals, active case detection and village health volunteers existing with vector control and facilitating referral of symptomatic individuals [2] . However, it was not possible to assess this as suitable data on interventions were not available. This decline in cases mirrors that of what is seen elsewhere in Thailand, and in subsequent years, with overall strong progress towards the national goal of elimination [2] . Also unique to Tak Province is the presence of Shoklo Malaria Research Unit (SMRU) in Mae Sot District, which has been providing early diagnosis and treatment for malaria since 1986 [35] . SMRU operates at both sides of the Thai-Myanmar border, and reported 17,446 malaria cases between 2012 and 2015 (Additional file 1: Table S1 for annual reported cases by species) at sites in Tak Province with an 85.64% decline in reported malaria cases from 2012 to 2015. There was a similar decline in cases reported by the Thai MOPH at 75.78% in the same period. SMRU sites in Kayin State, Myanmar also saw a decline in malaria incidence, as brought about by recent gains in elimination efforts in Myanmar [36] . Due to migration of people between the two areas, the decline in reported cases on the Thai side may also be partly due to the decline on the other side of the border. Lack of functioning malaria posts in Tha Song Yang (2014) and Umphang (2015) Districts (source: SMRU unpublished reports) may have contributed to increased transmission in the areas identified as hotspots in this analysis.
A strength of this study is that it combined detailed data from all sources reporting to the MOPH in Thailand together [37, 38] , with population data from the same area. This allowed examination of which groups of people had the highest rates of malaria in each major species. Similar to other studies in the region [39] [40] [41] and elsewhere [42] , around two-thirds were male, particularly in young adults, possibly due to increased occupational risk and forest exposure in this group. More than half the cases were of Myanmar nationality. Data were not available to indicate whether they were short-term or longterm migrants, but this study mapped cases by place of residence where this information was available (i.e. which sub-district a patient confirmed to have malaria was reported to be from). When cases were mapped by nationality, those of Myanmar nationality were clustered in a few sub-districts in the centre of the province along the country border.
The study had several important limitations. Although the data was of high quality, there was some missing information, e.g. 2.40% of cases had unknown malaria species, 13.88% of patients had no age recorded, 4.08% had no nationality recorded, and 1.30% had missing sub-district codes (Additional file 1: Table S2 for yearly percentages, and 4-year average). The completeness of data for each field did not consistently increase over the period of the study. The study utilized data obtained Table S3 for an annual breakdown of confirmed malaria cases by detection method), but it was not clear which applied to each case. There are other sources of surveillance data that are not fully captured in the MOPH database, including those from the military and non-governmental organizations [43] . PCR is not used for routine surveillance in Thailand and there was no available data from the government on asymptomatic infections, which could render asymptomatic cases to be undetected, as some research studies have revealed in both high transmission [44, 45] and low transmission [46, 47] settings at the Thai-Myanmar border. Data were not included from SMRU, and these additional case data could be substantial enough to affect the spatial and temporal patterns of disease found in this study. However, it is not clear to what degree cases recorded by SMRU overlap with the dataset used in this study due to, e.g. presentation of cases to more than one organization within the same malaria episode, and there is no system to effectively integrate the two databases accounting for this potential overlap. Perhaps more importantly, many of these cases are short-term migrants who are likely to have been infected in Myanmar, there being a porous border between the two countries in this area. Including cases from SMRU should thus have had little impact on the results as the analysis was based on place of residence being in Tak Province. Other data that were not available for the analysis were numbers of people tested, or detailed data on interventions including bed net distribution or treatment, which could have been used to confirm the downward trend in cases being due to successful elimination efforts. Finally, the data used to map forest cover had limitations in that there was no information on forest gain from 2013 to 2015 (stable forest gain was assumed during this period), only forest loss [26] . It would be informative to explore further about possible causes of the spatial pattern of disease. For example, delays in seeking treatment [48] , importation or spread through human movement [49, 50] , travel into the forest [51] , locations of particular occupational risk groups, or the role of undiagnosed cases [52] and parasite genetics [53] . This would require additional surveys to collect this information. Another possible future analysis would be to use satellite remote sensing data as a higher resolution source of information on climate to examine the variation across space. More detailed mapping of the distribution of cases to assess the degree of clustering would also be helpful but this would require village level data on place of residence, which was not available for this study. This is particularly important as further progress is made towards elimination requiring targeting of these clusters to reach zero. It would also be informative to include data from neighbouring areas of Myanmar [54] to assess risk at either side of the border. Given the cross-border nature of the study setting [55] , and how this could affect malaria transmission, there is an opportunity to advocate for a regional data system that would allow for a combined analysis of trends for both Tak Province in Thailand and Kayin State in Myanmar.
Conclusions
There has been a large decline in reported clinical malaria from 2012 to 2015 in Tak Province. Climate and forest correlated with malaria incidence rates but did not account for this decrease. Ongoing elimination 
